C
omplete eradication of HIV has largely been prevented by the presence of a long-lived, stable population of latently infected, quiescent T cells (reviewed in refs. [1] [2] [3] [4] [5] . Highly active antiretroviral therapy has been successful in substantially reducing viral loads; however, after the cessation of therapy, virus derived from the latent reservoir is able to rekindle infection (6) (7) (8) (9) (10) (11) (12) . The generation of latency occurs after HIV infection of a transcriptionally active cell, which predominantly results in productive infection and cell death. However, if cellular transcription ceases before either viral or immunologic cytopathic effects, the virus can become dormant (13) . The decline in HIV expression is tightly linked to decreased cellular activation; however, it is currently unclear what factors and signaling pathways subsequently reactivate virus expression in primary cells. Because viral reactivation is required for recognition by antiviral agents (14) , these pathways could ultimately serve as targets for future therapies. Consequently, it is important to identify the molecular events in T cells that regulate the transition from latent to productive infection.
Activation of a T cell is initiated when its T cell receptor (TcR) interacts with an antigen-presenting cell (APC) displaying a foreign peptide in the context of MHC. This interaction sends a signal via the TcR-associated protein CD3 to promote cell activation. However, productive T cell activation requires secondary stimulatory signals, such as through CD28 (reviewed in ref. 15 ). Together, these costimulatory signals result in activation of transcription factors that regulate cellular activation, entrance into the cell cycle, proliferation, and differentiation into an effector cell. Crucial to the initial activation is the binding of the CD4 molecule on the surface of the T cell to MHC II on the APC. This interaction places the src-family kinase Lck in proximity with the TcR complex, initiating the phosphorylation of CD3-associated proteins and promoting the first steps in TcR signaling, including an increase in intracellular calcium concentration and activation of PKC (reviewed in ref. 15 ). An important role of these pathways and others triggered by TcR stimulation is to activate the transcription factors nuclear factor of activated T cells (NF-AT) and NF-B. Both NF-AT and NF-B are present in unstimulated cells in an inactive form (16, 17) . Cellular stimulation then allows their immediate activation and translocation to the nucleus whereby, in collaboration with other factors, they induce the expression of a variety of genes that promote T cell activation. Although relatively poorly defined, it seems that the primary role of CD28 is to stimulate signals via the phosphatidylinositol 3-kinase (PI3-K) pathways to induce IL-2 production, which is critical for T cell proliferation and survival.
The HIV LTR contains multiple regulatory elements that bind to cellular transcription factors and control viral transcription (18) . However, the scarcity of latently infected cells in vivo (19) and the coculture conditions necessary for their analysis have largely prevented a detailed examination of the molecular pathways and factors that regulate latent virus reactivation in primary cells. Various chronically͞latently infected cell lines have shown that signaling events that activate NF-B translocation into the nucleus are particularly important (ref. 20 and reviewed in ref. 21 ). Stimulation of latently infected cell lines with the cytokine tumor necrosis factor (TNF) ␣ activates viral expression in an NF-Bdependent fashion (22) (23) (24) whereas deletion of the B sites in the viral LTR dramatically diminishes viral expression (23, 25) . After antigenic stimulation of T cells, stimulation of PKC induces NF-B activation (26, 27) . Direct activation of PKC by phorbol esters induces HIV expression in latently infected cell lines (28) (29) (30) by facilitating the binding of the NF-B and AP1 transcription factors to the viral LTR (31, 32) . Importantly, we and others have shown that phorbol esters potently induce expression of latent virus in peripheral blood mononuclear cells and primary, quiescent T cells (33, 34) . Induction of other transcription factors in these cell lines, such as AP-1 by the mitogen-activated protein kinase pathway or Sp1, also activate HIV LTR activity however, their action is largely enhanced via interaction with NF-B (35) (36) (37) . Like NF-B, activation of the transcription factor NF-AT is induced early after T cell stimulation and is critical to T cell activation and proliferation (16) . Although it is unclear how the transcription factor NF-AT affects latent HIV, there are NF-AT-binding sites in the viral LTR (18) , and stable expression of an active form of NF-AT in primary T cells dramatically enhances HIV replication during initial infection (38, 39) .
There is also evidence in cell lines that viral latency is maintained by active repression of the viral LTR. The site of proviral integration, local chromatin structure, and DNA methylation all could affect replication because integration of the virus into a transcriptionally inactive chromosomal site might impede viral transcription This paper was submitted directly (Track II) to the PNAS office.
Abbreviations: TcR, T cell receptor; NF-AT, nuclear factor of activated T cells; PI3-K, phosphatidylinositol 3-kinase; TNF, tumor necrosis factor; TsA, trichostatin A; PHA, phytohemagglutinin; muCD24, murine CD24; SP, single positive; ␤2m, ␤2-microglobulin; CsA, cyclosporin A. (40) . Accordingly, incubation of some chronically͞latently infected cell lines with a histone deacetylase (HDAC) inhibitor such as trichostatin A (TsA), to induce nucleosomal remodeling and override chromosomal repression, reactivates latent HIV expression (40, 41) . Similarly, the presence of binding sites for the HDACsequestering transcription factors YYI and LSF on the LTR might actively maintain the packed chromatin structure (42) .
The relationship of cell line models to latent infection in primary, quiescent cells still remains unclear. It has been extensively shown that the quiescent state is associated with latency in primary cells (5) . Therefore, the finding that latency is maintained in proliferating cell lines may indicate an unusual mechanism for the formation of latency, such as the TAR and tat mutations that produce the latent infection of the ACH-2 and U1 cell lines, respectively (43, 44) , or selection and outgrowth of a very few integration events into a transcriptionally dormant chromosomal location (40) . Moreover, studies using these cell lines to analyze specific signaling pathways may be confounded by the existence of activated factors that are not present in quiescent cells. Thus, it is important to determine the pathways that maintain latency and regulate viral reactivation in primary, quiescent cells.
To analyze the molecular events that regulate latent infection, we used the SCID-hu (Thy͞Liv) model of HIV latency (13) . The SCID-hu (Thy͞Liv) mouse contains coimplanted human fetal liver, as a source of human hematopoietic progenitor cells, and human fetal thymus to provide a microenvironment for human T lymphopoiesis (45) . Functionally and phenotypically normal human T cells are generated in this system for over 1 yr (46) . This model has been used extensively to study HIV pathogenesis and to model therapeutic approaches to infection (reviewed in refs. 47 and 48) . Using HIV-infected SCID-hu (Thy͞Liv) mice, we have previously established that the decrease in cellular RNA transcription as thymocytes mature can result in the generation of a stable and abundant source of cells latently infected with HIV (13) . This system provides an opportunity to quantitate viral reactivation at the single cell level and determine the effects of various stimuli on latent infection. In the present study, we illustrate the importance of PKC and NF-AT activity in viral reactivation from latency. We show that induction of these factors alone, in the absence of other signaling pathways that are normally activated during T cell stimulation, is able to activate latent virus. Furthermore, viral reactivation is facilitated by NF-B activity although not all pathways that activate NF-B reactivate latent virus.
Materials and Methods
Infection of SCID-hu Mice. SCID-hu mice were prepared by implantation of human fetal liver and thymus (Advanced Bioscience Resource, Alameda, CA) as described (13) . Thy͞Liv implants were mock-infected with medium, with HIV NL-r-HSAS , or with HIV JR-CSF by direct injection (13) . p24 gag protein production during culture was assessed by ELISA (Coulter).
Cell Isolation, Culture, and Treatment. Thy͞Liv implants were harvested 5 weeks postinfection, and single cell suspensions of thymocytes were immediately pooled in the presence of 100 ng͞ml Indinavir (Merck) and 10 M 3Ј-azido-3Ј-deoxythymidine (AZT, Sigma). Thymocytes from mock-infected implants were isolated and cultured in parallel for each condition. To enrich for CD4 single positive (SP) latently infected thymocytes, total thymocytes were stained with antibodies to human CD8 (Miltenyi Biotec, Auburn, CA) and negatively selected by using the autoMacs magnetic cell sorter (Miltenyi Biotec). These cells were then stained with a rat antibody to murine CD24 (muCD24; Pharmingen) and depleted of productively infected cells by panning in flasks coated with rabbit anti-rat antibody (Sigma). Purity was assessed by flow cytometry using different antibody clones to avoid epitope masking (Coulter). All cells were cultured in RPMI medium 1640 supplemented with 2% human AB serum, 100 units͞ml penicillin, 100 g͞ml streptomycin, 2 mM L-glutamine, 100 nM Indinavir, and 10 M AZT.
Thymocytes were costimulated with plate-bound anti-CD3 and soluble anti-CD28 as described (13) . For inhibition studies, isolated thymocytes were preincubated in the indicated inhibitor for 1 hr before costimulation. The concentrations of each inhibitor or activator are based on previously published concentrations and are as follows: 4 mM N-acetyl butyric acid (Sigma), 50 nM wortmannin (Calbiochem), 10 M PP2, 1 M bisindolmaleimide II (Calbiochem), 1 M H-89 (Calbiochem), 500 ng͞ml cyclosporin A (Sigma), 10 M PD98059 (Calbiochem), 1 M ionomycin (Sigma), 50 nM thapsagargin (Sigma), 200 nM TsA (Sigma), 10 ng͞ml phorbol 12-myristate 13-acetate (PMA, Sigma), 1 M prostratin, 2 g͞ml phytohemagglutinin (PHA), 1.5 M gliotoxin (Sigma), 100 ng͞ml cycloheximide (Sigma), 500 ng͞ml IL-16, and 100 units͞ml TNF␣ (R & D Systems).
Flow Cytometry. Cells from cultures were stained with mAb specific for human CD8, CD4, CD45, and muCD24 directly conjugated to peridinin chlorophyll protein (PerCP; Becton Dickinson), phycoerythrin, allophycocyanin, or FITC (Coulter), respectively. Samples were analyzed on a FACSCalibur flow cytometer using the CELL QUEST program (Becton Dickinson). Forward vs. side-scatter profiles were used to define the live population. These cells were further gated on the human CD45-positive population to exclude murine cells. Quadrants for the assessment of HIV reporter expression were set such that uninfected cells treated in parallel had Ͻ1% muCD24 expression. Cell cycle analysis of CD4 SP thymocytes from the Thy͞Liv implant was performed by flow cytometry as described (49) .
RNA Analysis. CD4 SP,muCD24-negative thymocytes were obtained, and total RNA was isolated with the RNeasy extraction kit (Qiagen, Chatsworth, California). Reverse transcription and PCR amplification were performed for viral LTR͞gag and cellular ␤ 2 -microglobulin (␤ 2 m) RNA sequences with the Qiagen OneStep RT-PCR kit by using the manufacturer's protocol. To quantitate the number of LTR͞gag or ␤ 2 m transcripts, in vitro transcribed standards were generated (Promega). Serial dilutions of each in vitro transcript were amplified in parallel. The in vitro transcripts were detectable to below 10 RNA copies. HIV LTR͞gag and ␤ 2 m primers have been described (14) . All RT-PCR amplifications were performed on the ABI7700 (Applied Biosystems) as described (14) . Potential DNA contamination was excluded with a no reverse transcription reaction.
Results

Influence of Different T Cell Stimulatory Pathways on Latent HIV
Expression. To determine the molecular pathways specifically responsible for initiating HIV reactivation from latency, we infected SCID-hu (Thy͞Liv) mice with the pathogenic, CXC chemokine receptor 4 (CXCR4)-tropic reporter virus HIV NL-r-HSAS (50) in which the cDNA sequence for muCD24 is inserted in the vpr gene of HIV . Productive infection then directs the expression of muCD24 on the surface of infected cells, allowing quantitation by flow cytometry. We have previously shown that deletion of the vpr gene does not alter the pathogenesis of HIV in the thymus (51) . Five weeks after infection, mature CD4 SP,muCD24-negative thymocytes were isolated by negative selection, resulting in a population of cells that expressed Ͻ1% CD8 or muCD24 (Fig. 1 ). Cells were continually cultured in the presence of AZT and a viral protease inhibitor to prevent further reverse transcription or in vitro virus spread. Costimulation of the cells with antibodies to CD3 and CD28 quantitatively reactivated latent virus whereas cells cultured without stimulation remained latently infected (Fig. 1) , demonstrating that signal transduction pathways activated via stimulation of the TcR and coreceptor complex induce latent virus expression.
The requirement for in vivo replication to generate sufficient amounts of latent infection in this system prohibits the use of viral strains containing LTR mutations. To further define the signal transduction pathways involved in activating latent virus expression, the population containing the latently infected cells was costimulated in the presence of pharmacologic inhibitors of specific pathways involved in T cell activation (Fig. 2 A) . Incubation of the cells with an inhibitor of PKC (bisindolmaleimide II), Lck (PP2), or NF-AT [cyclosporin A (CsA)] function before costimulation, almost completely abrogated HIV reactivation from latency. Inhibition of histone deacetylase activity (N-butyrate), which blocks cells at the G 1a phase of the cell cycle and prevents de novo infection (49), caused a 50% reduction in HIV reactivation, demonstrating the dichotomy that exists between factors needed during initial infection and those required for activation of integrated provirus. Alternatively, blockade of the PKA or PI3-K pathways (with H-89 or wortmannin, respectively) had only minor effects on viral reactivation ( Fig. 2A) , suggesting that only certain pathways involved in T cell activation are needed to increase HIV LTR activity. After inhibition of the mitogen-activated protein kinase kinase (MEK)͞mitogen-activated protein kinase (MAPK) pathway with PD98059, viral expression was not significantly different from cells cultured without stimulation (P ϭ 0.08; Fig. 2A ) although the value approached significance. On the other hand, viral expression was not significantly distinct from costimulated cells (P ϭ 0.21), suggesting that blockade of that pathway does not inhibit viral reactivation. Similar results were observed with these inhibitors after costimulation of cells latently infected with the wild-type, CC chemokine receptor 5 (CCR5)-tropic HIV JR-CSF (not shown), indicating that deletion of the vpr gene is not influencing these results and that CCR5 and CXCR4 viruses respond similarly to activation-inducing signals. Interestingly, the same pathways responsible for virus reactivation after costimulation were also needed for cell cycle progression. Inhibition of PKC, NF-AT, or Lck activity blocked cell cycling in response to costimulation whereas others did not (Fig. 2B ), initially suggesting a tight relationship between cellular activation and HIV transcription.
Activation of Specific Molecular Pathways Differentially Affects Viral
Reactivation and Cell Cycle Progression. Although entrance into the cell cycle is required for de novo HIV infection (49), we have previously shown that cell cycling is not necessarily required to reactivate latent HIV expression (49, 52 ). However, the tested agents above that blocked HIV reactivation after costimulation also inhibited cell cycle progression. Therefore, we sought to determine which T cell signaling pathways specifically triggered the viral LTR, independent of cell cycling. To address this issue, latently infected cells were incubated with agents that activate defined pathways involved in T cell activation. Activators of the PKC pathway (the phorbol esters phorbol 12-myristate 13-acetate and prostratin) induced a substantial increase in virus expression as measured by the frequency of cells expressing the virus-encoded reporter (Fig.  3A) , without inducing cell cycle progression (Fig. 3B ). This finding illustrates that factors induced by PKC are specifically able to reactivate latent virus. Stimulation of the PKC pathway is known to induce NF-B activity. Interestingly, however, not all pathways that lead to NF-B activation reactivate latent virus because TNF␣ did not induce viral expression (Fig. 3A) although the TNF receptors are expressed on mature thymocytes (53, 54) and exogenous addition of TNF to in vitro thymocyte cultures has been shown to stimulate infection (54) . Consistent with the lack of HIV expression in cells costimulated in the presence of CsA (Fig. 2 A) , incubation of latently infected cells with an activator of NF-AT (PHA) induced expression of latent virus (Figs. 3A and 4C ), but not to the same extent as after activation of PKC. Anti-CD3 stimulation alone or pharmacologic agents that increase intracellular calcium levels had minimal effects on virus reactivation (Fig. 3 A) or cell cycle progression (Fig. 3B) . Relaxation of chromatin structure with the histone deactylase inhibitor TsA, which has been shown to reactivate virus replication in latently infected cell lines, did not substantially reactivate latent virus (Fig.   3A) or move the cells into cycle (Fig. 3B) , indicating that, for the most part, chromatin structure alone does not account for the maintenance of latency. Furthermore, although inhibition of Lck activity during costimulation blocks viral reactivation ( Fig. 2A) , activation of Lck with IL-16 (55) was not sufficient to induce virus expression (Fig. 3A) . In agreement with the inhibition studies, activation of PKA by forskolin (Fig. 3B) CD4SP,muCD24-negative thymocytes were cultured in the presence of the indicated agent for 2 days and analyzed as in Fig. 2 A. The protein or pathway inhibited by each compound is stated in parentheses. Primary data can be viewed in Fig. 6 , which is published as supporting information on the PNAS web site. Use of each agent was associated with minimal toxicity (90 -100% viability compared with cells costimulated without any inhibitors) except for TsA and PHA (50% viability compared with costimulated cells). (B) Effect of each agent on cell cycle progression. Uninfected CD4SP thymocytes from Thy͞Liv implants were cultured as in Fig. 2B . Fig. 4 . NF-B is required for HIV reactivation whereas de novo protein synthesis is not. (A) RNA was isolated from HIV NL-r-HSAS-infected CD4SP,muCD24-negative thymocytes after 7 h of culture without stimulation (stippled bars), after costimulation (filled bars), or after costimulation in the presence of cycloheximide (striped bars) or gliotoxin (diamond bars). For each condition, real-time RT-PCR was performed to quantify the levels of LTR͞gag RNA (normalized to the number of ␤2m transcripts). The graph shows the fold increase in LTR͞gag transcripts for each condition compared with the unstimulated control, which is set at 1. Each group of bars represents a separate experiment. (B) CD4SP,muCD24-negative thymocytes were incubated without stimulation (stippled bars), with the PKC activator prostratin (filled bars), or with prostratin plus cycloheximide (striped bars) or prostratin plus gliotoxin (diamond bars). RNA was isolated after 7 h of culture and quantitated as in A. (C) CD4SP,muCD24-negative thymocytes were incubated without stimulation (stippled bars), with PHA (filled bars), with PHA plus cycloheximide (striped bars), or with PHA plus gliotoxin (diamond bars). RNA was isolated and quantitated after 7 h of culture.
We have shown that two such pathways, PKC and Lck, are both required to reactivate latent virus in response to costimulation. Therefore, to elucidate the importance of NF-B on viral reactivation from latency, we compared the induction of RNA transcription from latent virus in costimulated cells vs. cells costimulated in the presence of the NF-B inhibitor gliotoxin (56) . Assessment of reporter expression was not possible because inhibition of NF-B activity in this manner causes apoptosis within 24 h after costimulation (56) . Costimulation of latently infected cells for 7 h, however, does not result in apoptosis and induced a 3-to 4-fold increase in viral LTR͞gag HIV transcripts that was blocked when NF-B activity was inhibited (Fig. 4A) . Similarly, activation of the PKC pathway induced a Ͼ5-fold increase in LTR͞gag RNA expression in latently infected cells. Stimulation of the viral LTR by the PKC pathway was largely dependent on NF-B activation because incubation with gliotoxin substantially blocked viral reactivation (Fig.  4B) . Consistent with the specific activation of NF-AT by PHA, inhibition of NF-B activity after treatment of latently infected cells with PHA did not affect viral RNA induction (Fig. 4C) , thus illustrating both the relative specificity of the inhibitor and more importantly, the ability of different transcription factors, NF-B and NF-AT, to individually induce latent HIV replication.
Transcription factors such as NF-B and NF-AT are present in an inactive form in quiescent T lymphocytes and have pleiotropic effects during T cell activation. Therefore, it was of interest to determine whether cellular stimulation induced HIV expression by increasing the activity of preexisting transcription factors or secondarily reactivated HIV by inducing other proteins. Thus, we determined whether de novo protein synthesis was required for viral reactivation. Costimulation of the latently infected cells in the presence of the protein synthesis inhibitor cycloheximide decreased viral RNA synthesis Ϸ60% compared with cells that were costimulated without the inhibitor (Fig. 4A) . However, there was still a 2-fold increase in viral transcripts compared with cells left unstimulated (Fig. 4A) , indicating that presynthesized transcription factors (such as NF-B and NF-AT) are sufficient to initially induce viral reactivation. Activation of the viral LTR by the PKC pathway was similarly decreased by incubation with cycloheximide, but, as seen with costimulation, induction of viral transcription was not completely blocked (Fig. 4B) . Likewise, inhibition of protein synthesis did not completely block reactivation of viral transcription after incubation with PHA (Fig. 4C) . Cycloheximide, however, completely inhibited viral p24 protein production as determined by ELISA (not shown), indicating that the inhibitor was sufficient to stop protein synthesis but not viral gene expression. Thus, de novo cellular protein production is not required for the initial reactivation of virus from latency; however, it does seem to be necessary to induce optimal or sustained viral replication.
Discussion
Our studies show in quiescent primary cells that the NF-AT and PKC pathways are central inducers of latent HIV replication and illustrate that multiple cellular pathways are able to independently reactivate latent HIV expression. Inhibition of the PKC or NF-AT pathways almost completely abrogates viral reactivation whereas their specific activation, in the absence of other signals, is able to stimulate virus expression. Importantly, we show that the cellular protein NF-B is essential to viral reactivation from latency in primary cells because inhibition of NF-B activity potently blocked viral transcription in response to PKC activation or costimulation. Although inhibition of the signaling events originating from Lck similarly block HIV reactivation, it seems that they do so by inhibiting other regulatory factors induced after T cell stimulation because agents that activate Lck [IL-16 (55)] alone do not reactivate latent virus. The same is likely true for histone deacetylase activity because its inhibition only moderately blocks HIV reactivation after costimulation whereas TsA alone does not reactivate virus expression from the majority of cells harboring latent viral genomes.
Although pharmacolgic agents can produce some background inhibition, the different abilities of the agents used herein to induce latent virus expression indicate their capability to identify the signaling pathways involved in viral reactivation. For example, the NF-B inhibitor gliotoxin blocks viral RNA production in response to phorbol esters (which signal largely through NF-B), but not PHA (which signals primarily through NF-AT), indicating the relative specificity of this agent. Similarly, the opposing impact on viral expression seen by using inhibitors vs. activators of individual pathways confirms the general specificity of the pathway analyzed. For example, inhibition of PKC activity blocked viral reactivation whereas activation of that pathway induced viral expression. Conversely, neither activation nor inhibition of the PKA pathway affected viral reactivation.
Our data further illustrate the dichotomy that exists between HIV latency in primary quiescent cells and in cell lines. Although phorbol esters, TsA, and TNF␣ induce latent virus in cell lines (22-24, 28-30, 40) , neither TsA nor TNF␣ substantially reactivate virus expression in our system from quiescent primary cells. Interestingly, both the PKC pathway and TNF␣ induce NF-B expression, but only PKC activates latent virus in quiescent cells. Previous studies have shown that tat-driven expression of the HIV LTR depends on PKC activity (29) , presumably via NF-B activation; yet, the binding of NF-B alone to the LTR is not sufficient to activate viral transcription (57) . Because tat is absent during latency in quiescent cells (14, 58) , the activation of NF-B by TNF␣ is not sufficient to activate the LTR. In addition to NF-B, PKC may induce other required factors, which TNF␣ does not, that stabilize the viral RNA and allow for the initial stages of transcription and production of tat (32) . The finding that presynthesized factors activated immediately after T cell stimulation potently induce viral reactivation may explain why viral expression can be observed before expression of cell surface activation markers (59) (60) (61) . Because NF-B and NF-AT are present in quiescent cells in an inactive form, cellular stimulation quickly induces their activity and allows for the initial induction of viral transcription.
␣CD3 stimulation alone, although to a lower level than costimulation, can induce HIV expression, while initiating only minimal changes in cellular RNA expression (13) . Thus, TcR signals that alone do not trigger cellular proliferation and in some cases induce anergy (62) can lead to viral reactivation from latency. These data illustrate both the minimal requirements for LTR activation and the dichotomy that exists whereby signals can differentially affect viral and cellular processes. Although calcium is required for PKC activity (15) , exogenously increasing intracellular calcium levels with ionomycin or thapsagargin only minimally activated expression of latent virus. It is interesting to note that, although activation via CD3 also triggers PKC and NF-AT activity, it does not induce virus replication as efficiently as the pharmacologic activators of PKC and NF-AT. This result may be due to the strength of signal sent in each case.
It is unclear to what extent the latently infected cells generated in the SCID-hu system represent the CD4 ϩ memory T cell that is the predominant source of latent infection in humans, because naive T cells (which the mature thymocytes in our system closely resemble) have a higher threshold for activation than do memory cells (15) . Accordingly, our data correlate well with what is known from human studies suggesting that viral reactivation from resting CD4 ϩ T cells can be stimulated with antibodies to CD3, phorbol esters, or the combination of PHA with IL-2 (33, 63, 64) . Moreover, the ability of the corticosteroid dexamethasone to inhibit viral reactivation from patient cells, although it has pleiotropic cellular effects, suggests a role for NF-B (64), thereby further indicating that the molecular events regulating latency in the SCID-hu system are similar to memory cells. Our studies may not address the latency generated by viral integration into transcriptionally inactive chromosomal regions (40) , which may have different requirements for activation. Moreover, other viral reservoirs allowing persistence during highly active antiretroviral therapy, such as macrophages (65, 66) , may also contribute to viral rebound after the withdrawal of therapy, and it is unclear how the data obtained from these studies would relate to those reservoirs.
Previous studies have indicated that cell cycle progression is critical for reverse transcription, nuclear import, and integration (49, 67, 68) . Other studies have shown that, after proviral integration, the activation of early signal transduction pathways and transcription factors, independent of cell cycle progression, controls viral replication (34, 52) . For therapeutic strategies, it is important to note that, although the pathways that most efficiently induce latent virus are necessary for T cell activation, they do not alone fully activate the cell to replicate. Our data show that many of the pathways critical to T cell activation and function are dispensable for viral gene expression. Likewise, many of the T cell signal transduction pathways that are thought to augment viral infection [PKA (69) , mitogen-activated protein kinase (70) , and PI3-K (71)] alone do not increase replication from latently integrated proviruses. These data indicate that maintenance of latency results from the functional lack of specific transcription factors required for viral gene expression. Once these factors are activated, transcriptional latency is broken, regardless of subsequent cell cycle progression or cellular protein synthesis. By using factors induced via multiple pathways, HIV has successfully parasitized T lymphocytes and ensured optimal replication immediately after cellular stimulation.
